The formation of cellular magnetic dipoles by chain assemblies of stable single-domain magnetite nanocrystals is a characteristic feature in magnetotactic bacteria (MTB). The dipole strength depends on the competition or cooperation between the various anisotropic energy contributions, mainly between the magnetocrystalline and the interaction-induced shape anisotropy. Ferromagnetic resonance spectroscopy and numerical simulations of intracellular magnetite assemblies in the MTB Desulfovibrio magneticus strain RS-1 show that the alignment of elongated nanocrystallites leads to a predominant uniaxial anisotropy, which is enhanced when the magnetocrystalline symmetry is collinear to the chain, i.e., the anisotropies are cooperative vs. being competitive. This direct insight into the anisotropy variations in chain assemblies provides a physical framework to tailor magnetic nanocomposites, where the collective magnetic properties result from the interactions between the individual nanocrystalline constituents. Published by AIP Publishing.
I. INTRODUCTION
Magnetic nanocrystallites organized in chain assemblies exhibit remarkable properties that do not exist if the nanocrystallites are dispersed or clumped together in bulk materials. This is because of the competition between particle-specific properties and those generated by their organization. Chain assemblies of nanocrystallites are therefore an ideal test ground to study the physics of many-body systems, with considerable scientific interest and technological applications in areas such as diagnostic biomedicine, cancer therapy, data storage, or ferrofluid-based devices. [1] [2] [3] [4] [5] [6] [7] [8] In this context, magnetotactic bacteria (MTB) have gained special attention. [9] [10] [11] This heterogeneous group of bacteria biomineralizes in their cells magnetic nanocrystallites, generally magnetite (Fe 3 O 4 ), encapsulated by lipid bilayers known as magnetosomes, that are organized in chains by a skeletal filament. [12] [13] [14] The mineral-chemical properties and shape of the nanocrystallites are genetically codified, and therefore strainspecific. The linear arrangement generates a strong magnetic dipole that is used as a compass to navigate MTB along the Earth's magnetic field lines towards favorable habitats. 15, 16 The chain configuration and the resulting anisotropy properties are also a key to magnetically detect MTB in environmental systems [17] [18] [19] [20] [21] and thus infer the microbial evolution of the planet based on their magnetic properties.
The various groups of MTB differ in their strategy to reach optimal cellular dipole moments by forming different crystallite sizes and morphologies and/or by the arrangement with respect to their magnetic easy axis. 22 There exist MTB strains with genetic blueprints that enable the synthesis of nearly equidimensional magnetite biominerals with their [111] easy axes parallel to the long chain axis, which is generally the cell axis. 23, 24 This configuration generates a strong interaction-induced shape anisotropy, i.e., a dipolar system with cooperative magnetocrystalline anisotropy of the crystallites and shape anisotropy of the chain assemblies. 25, 26 There are also MTB, which form bullet-shaped magnetite nanocrystallites arranged along their [001] hard axes. [27] [28] [29] In this case, the magnetocrystalline and the shape anisotropies are nonparallel and form a competitive system (see Fig. 1(c) ), which, nonetheless, also results in an intra-cellular magnetic dipole aligned with the long axis of the chain, specifically due to the elongation of the crystallites along the [100] axis. 30, 31 The separation and quantification of the different anisotropy contributions and their change during a shift from a competitive to a cooperative system and vice versa are of fundamental interest to understand magnetotaxis in living organisms and to build bio-inspired magnetic nanocomposites with tunable anisotropy properties. The ideal candidates to explore this shift are MTB with magnetite crystallites arranged along the [001] hard axes, because pure magnetite undergoes a low-temperature transition, known as Verwey transition with T v % 120 K. In this case, the crystallographic structure changes from cubic to monoclinic and the magnetic easy axis switches from [111] to [001] upon cooling, 32, 33 i.e., the anisotropy system transforms from competitive Author to whom correspondence should be addressed. Electronic mail: michalis.chariloau@mat.ethz.ch.
above T v to cooperative below T v . Among the MTB, Desulfovibrio magneticus strain RS-1 is the only strain with bullet-shaped nanocrystallites aligned along the [001] hard axis that has been cultured under laboratory conditions. 27, 34, 35 The typical crystallographic and magnetic properties of the nanocrystallites in cultured RS-1 cells are also well known. Here, we use this strain in a multi-frequency ferromagnetic resonance (FMR) spectroscopic analysis, which gives detailed insight into the critical effect of anisotropy configuration on the magnetic properties of chain assemblies. This provides a deeper understanding of how to tailor magnetic nanocomposites and nanomaterials to optimize their properties.
II. EXPERIMENTAL DETAILS
The cells of D. magneticus strain RS-1 were cultured in a medium, as previously reported, 36 except that 25 mM 4-(2-hydroxyethyl)-1-piper-azineethanesulfonic acid was added to the growth media and the pH was set to 6.7. The samples were collected at an early stationary phase. The nanostructure of the MTB was investigated using transmission electron microscopy (TEM), as described in Ref. 36 .
For FMR measurements, a cell dispersion was lyophilized and subsequently fixed in paraffin inside an EPR (electron paramagnetic resonance) quartz tube for the X-band and in a glass capillary for the Q-band. The FMR spectra were recorded at X-and Q-band frequencies, i.e., at 9.8 GHz and 34.2 GHz, respectively, with Bruker E500/E560 spectrometers equipped with temperature controllers and helium gasflow cryostats from Oxford Instruments. The experimental temperatures were set in the range between 50 K and 300 K. The experimental FMR spectra were fitted with calculated spectra, based on micromagnetic theory as outlined below, in order to extract the magnetic anisotropy in absolute units.
III. RESULTS AND DISCUSSION
A. Morphology and arrangement of the nanocrystallites
Cultures of the RS-1 strain were grown as previously reported 36 (see also Section II). Transmission electron micrographs (Figs. 1(a) and 1(b)) showed bacteria with several intracellular assemblies consisting of generally less than 10 nanocrystallites with spacing (d) of about 15 nm in onedimensional arrangements developed along the center line of the cell. The distances between the chain assemblies vary and often exceed 100 nm. Magnetostatic interactions between the chains can be ignored, considering that the energy density of dipole-dipole interactions decreases with d 3 , and, therefore, the inter-chain interactions have about 1000 times lower energy than the intra-chain interactions. With this in mind, the cellular magnetic dipole is the vector sum of the dipoles of individual chains. The magnetite nanocrystallites exhibit irregular bullet-shaped morphology characteristic of the strain RS-1. 27, 34 As previously reported, 31 the average length of the nanocrystallites in our cultured RS-1 strain is 53.8 6 14.2 nm, which is above the threshold for non-interacting stable singledomain (SSD) magnetite. 37, 38 In addition to the SSD nanocrystallites, smaller spherical particles of about 20 nm in size occur at the ends of the chains [ Figure 1 (b)]. It has been shown for several MTB species including strain RS-1 that bullet-shaped magnetite crystallizes in a two-step process along different crystallographic axes, and, therefore, the nearly equidimensional small particles represent most likely the first crystallization step. 23, 29, 30, 36 The major part of the nanocrystallites has grown along [100], which is the magnetic hard axis of magnetite. 27 Thus, the magnetic anisotropies in the RS-1 strain form a competitive system at room temperature ( Fig. 1(c) ).
B. Analytical description of anisotropy in magnetic chain assemblies
In our calculations, we treat each chain as a StonerWohlfarth-type particle 39, 40 and consider two anisotropy contributions ( Fig. 1(c) ): the uniaxial shape anisotropy field H uni from the linear alignment, i.e., implicit inter-crystallite dipolar interactions, and uniaxial contributions of each particle, and the crystal anisotropy field H cryst originating from each crystallite. 41 The different contributions to the total energy density are therefore:
(i) the Zeeman energy term, i.e., the interaction with the external field
where M is the magnetization, H ext is the external field, and h, h H and u, u H are the polar and azimuthal angles of the magnetization and of the external magnetic field vector, respectively; (ii) the shape (uniaxial) anisotropy energy term, i.e., the magnetostatic self-energy
where
is the effective demagnetizing factor (N k parallel to the chain and N ? perpendicular to the long chain axis); and (iii) the magnetocrystalline anisotropy energy F cryst . Here, we consider two scenarios, i.e., above T V , where the cubic [111] axis is the easy axis of magnetization, and below T V , where the monoclinic [100] axis is the easy axis of magnetization. In the cubic structure, the energy density of the magnetocrystalline field is
where K 1 ¼ M H cub is the first-order anisotropy constant of magnetite (K 1 ¼ À1:1 Â 10 5 ergs=cm 3 at 300 K). In the monoclinic phase, i.e., below T V , the energy density of the crystalline anisotropy field, considering the symmetry of the monoclinic lattice as shown in Ref. 42 , is 
is the effective magnetocrystalline uniaxial field, with the angles h and u measured as before (K a and K b are crystal fields along the a-and b-axes of the monoclinic structure). Because the effective magnetocrystalline uniaxial term has the same angle dependence as the shape uniaxial field from Eq. (2), it is incorporated in the total uniaxial field H uni . The total energy density for a single chain is then
The experimental determination of the different anisotropy contributions in intracellular magnetite chains is performed by Ferromagnetic Resonance (FMR) spectroscopy. 43, 44 In an FMR experiment, the magnetization performs a precessional motion (Larmor precession) upon the application of a sweeping dc magnetic field. At the same time, a microwave magnetic field with a constant frequency is transversely superimposed and resonance occurs when the Larmor frequency matches the microwave frequency, i.e., when maximum absorption of microwave energy takes place. This is described by the resonance equation
For the simulation of the experimental FMR spectra from the above expression of the total energy density, we calculate the resonance field H res from the resonance equation
where @ h F, @ hh F, @ u F, and @ uu F are the first and secondorder derivatives of the energy density with respect to h and u, respectively. The resonance equation is solved at equilibrium, i.e., at @ h F ¼ 0 and @ u F ¼ 0, and the values of the resonance field are obtained at each set of field angles h H and / H . A uniform distribution of the crystallite orientations is assumed for the calculations. Each resonance event is described by the Landau-Lifshitz-Gilbert equation of motion
with @ t M * being the time derivative of the magnetization and G is the Gilbert damping frequency, where the solution is typically a Lorentzian or a Gaussian.
We then generate the FMR spectrum of an ensemble of randomly oriented chains by convoluting all the individual spectra. Hence, with this method, we use the two anisotropy fields, H uni and H cryst , and a convolution linewidth as inputs, fit the experimental data with the simulated FMR spectrum, and iterate the simulation to obtain the best fit of the experimental data. The Land e g-factor was set to the intrinsic value of magnetite (g ¼ 2.06).
Considering the RS-1 strain, the intracellular chains, consisting of less than ten magnetite crystallites generally organized along the [100] hard axis, can in their entirety be modeled by prolate ellipsoids. 30, 41 An average length-towidth aspect ratio of 1.8 6 0.4, previously determined for our cultured RS-1 strain, 31 is equivalent to an effective demagnetizing factor of N eff ¼ 0.215 6 0.085. This corresponds to a uniaxial shape anisotropy field of 1.235 6 0.460 kOe, based on Eq. (2). Thus, the uniaxial anisotropy field of each crystallite dominates over the cubic magnetocrystalline field, even above T v , as will be discussed below.
C. Multi-frequency FMR spectra
For the experimental analysis of the anisotropy, FMR spectroscopy in the X-band at 9.8 GHz is complemented by the Q-band mode at 34.2 GHz (see Section II). Considering the resonance equation x ¼ cH res , the external field at which resonance occurs is lower in the X-band as compared to the Q-band by a factor proportional to the frequency x. Figure 2 shows the characteristic FMR spectra of the RS-1 bulk sample taken at three different temperatures for (a) X-and (b) Q-band frequencies. In order to check the uniformity of the spatial distribution of the bacteria in the bulk sample, the FMR spectra were recorded at different orientations, and the absence of an angular dependence indicates a highly uniform distribution of the magnetic chains. At room temperature, the X-band spectrum exhibits two main features at about 2.5 kOe and 4.5 kOe, which are caused by the superposition of resonances from the randomly distributed chains. The low-field feature is due to contributions from the easy magnetization of chains nearly parallel to the long cell axes, whereas the high-field feature arises from the hard magnetization perpendicular to these cell axes. 31, 46 At the Q-band, the spectral shape at correspondingly higher fields is the same as at the X-band. Here, the low-and high-field features are around 11 kOe and 13 kOe, respectively. The difference between the features, as a measure of the total magnetic anisotropy, is about 2 kOe for both the X-and Q-band spectra.
At 160 K, the overall spectra show little changes and the total magnetic anisotropy increases slightly. When, however, we cool down to temperatures below T V , e.g., to 90 K, the X-band spectrum changes dramatically as opposed to the Q-band, which only shows little changes. At the X-band, the linewidth increases strongly and the low-field peak is shifted to much lower field strengths ($0.7 kOe at 90 K).
The abrupt change in the spectral response below 120 K is due to the Verwey transition with a corresponding crystallographic change from cubic to monoclinic and the consequent shift of the easy-axis magnetization from [111] to [100] . This shift triggers the conversion of the system from competitive to cooperative anisotropy. We quantify this conversion by fitting the experimental FMR spectra with the model discussed above and extract the crystalline and uniaxial anisotropy fields. As seen in Fig. 2 , the most important features, i.e., peak position and intensity, of the experimental and calculated spectra are in very good agreement, enabling us to extract the anisotropy with good precision. The uniaxial field determines the distance between the low-field and highfield features, whereas the crystal field determines the fine structure of the spectrum and the relative peak intensities. Note that with decreasing temperature, the peak linewidth increases because of an enhanced overall anisotropy.
The temperature dependence of these two anisotropy fields is shown in Fig. 3 . At room temperature, we obtain a crystalline anisotropy field of H cryst ¼ À130 6 5 Oe. With decreasing temperature, the crystal field slightly decreases to a minimum at about 240 K. Upon further cooling, H cryst increases and changes sign at the isotropic point of 135 K. Below T V , in the monoclinic regime, the crystal field exhibits a strong decrease upon cooling and reaches a value of À500 6 10 Oe at low temperature ( Fig. 3(a) ). The values for H cryst at X-and Q-bands are in good agreement, with the exception at T ¼ 160 K (to be discussed below). The temperature dependence of the crystal field is very close to that of Fe 3 O 4 single crystals 42, 47 and the isotropic point agrees well with the value of 130 K for stoichiometric Fe 3 O 4 . 47 A similar behavior was found for the MTB Magnetospirillum gryphiswaldense, forming a system with cooperative anisotropies at T > T V . 48, 49 We note, however, that the absolute values of the crystal field at room temperature are significantly lower than the value of H cryst ¼ À250 Oe for magnetite in single crystals or in chains of M. gryphiswaldense. 41 The lower value for the RS-1 strain is probably an effect of the twostep crystal growth of bullet-shaped nanocrystallites along different crystal axes that leads to a competition of anisotropy easy axes even within single magnetosomes. Such effect is not accounted for in our calculations.
The changes of the crystal field as a function of temperature strongly affect the uniaxial anisotropy field. At room temperature, H uni ¼ 1:28 6 0:02 kOe, which is an order of magnitude larger than H cryst . This shows that uniaxiality dominates the crystal field due to the organization of elongated, individual nanocrystallites in a chain assembly.
With decreasing temperature, H uni increases monotonically, and below T V it exhibits a prominent increase in the X-band mode. Below T V , [100] becomes the easy axis of the magnetization, i.e., the magnetocrystalline anisotropy field is now parallel to the uniaxial field and we have a cooperative system ( Fig. 1(c) ). The alignment of the two anisotropy fields results in a strong uniaxial field, which at T ¼ 50 K reaches 2:09 6 0:06 kOe. This field is clearly larger than the uniaxial field of a single elongated magnetosome, where H uni $ 1.2 kOe.
Importantly, the values we obtain for H uni at the X-and Q-bands are identical for T > T V but differ strongly for T < T V . At 90 K, the value of the uniaxial anisotropy field at the X-band is 1:86 6 0:04 kOe, whereas at the Q-band it is only 1:52 6 0:05 kOe. To explain this difference, we have to consider the magnetization state of the sample at the resonance field H res . In the Q-band mode, the resonance condition is fulfilled at high external fields, and the magnetization of the sample is fully saturated. In contrast, at the X-band, the resonance condition is fulfilled at an external field where the sample is not saturated, and the resonance is critically affected by the strength of the internal field. This is an important aspect to consider as our calculations assume saturated magnetization. In a non-saturated state, the equilibrium and resonance conditions differ strongly and this is the reason for the deviation in H uni between the X-and Q-bands. To reconcile this, we consider the resonance condition for a purely uniaxial system along the easy axis, which is simply 41 where H iso is the resonance field for an isotropic system, and the fact that the crystalline uniaxial field is proportional to K 1 =M. When M is smaller than the saturation value M s , the anisotropy field H uni increases which in turn decreases the resonance field along the easy axis. Hence, at the X-band, the low-field peak of the FMR spectrum, which corresponds to the resonances along the easy axes, occurs at a lower field because K < M s . This scenario is similar to that previously reported 46, 50 where X-band and S-band (4.2 GHz) spectra are compared and the remanence plays an important role for the latter. Moreover, the impact of the non-saturated state on the interpretation of the anisotropy contributions is much stronger on the uniaxial field than on the magnetocrystalline field. This is due to the fact that H uni is determined by the distance between the low-field and high-field peaks, whereas H cryst is determined close to the isotropic point, i.e., at a field where the sample is mostly saturated.
At this point, we compare our results with X-band FMR data obtained from M. gryphiswaldense strain MSR-1, which produces numerous, nearly equidimensional nanocrystallites organized in perfect chains and where the anisotropy fields are parallel at T > T V . 26, 49 This configuration generates a uniaxiality that can be considered as nearly pure interactioninduced shape anisotropy. At room temperature, M. gryphiswaldense strain MSR-1 exhibits a H uni of about 1 kOe that is slightly lower than for the RS-1 strain. 41 For M. gryphiswaldense, the change in the anisotropy contribution across T V occurs in the opposite way, i.e., the system is cooperative at high temperature but competitive at lower temperatures. This leads to the vanishing of a pronounced uniaxiality upon crossing T V , as documented by broad FMR spectra without two characteristic resonance features. 49 Comparing the two strains RS-1 and MSR-1, the uniaxiality of one-dimensional, magnetic nanocomposites may be optimized by building blocks with pronounced shape anisotropy (e.g., bullet-shaped particles or nanorods) rather than by increasing the length of the chains.
IV. CONCLUSION
The FMR spectral analysis of the RS-1 strain exhibits a competitive interplay of anisotropies because of the organization of intracellular magnetite nanocrystallites predominantly along their [100] hard axis and due to the pronounced uniaxiality of the shape with a linear alignment of the nanocrystallites above T V . The structural change at T V , where the [100] direction becomes the easy axis of magnetization, triggers the change to a cooperative system, which is reflected in the X-band mode by a drastic increase in the uniaxial field. This FMR manifestation of the uniaxiality below the Verwey transition is because the magnetic nanocrystals are not fully saturated in the entire absorption range of the X-band, whereas the Q-band mode covers a magnetic field range where magnetite is fully saturated. The results obtained from the multi-frequency FMR analysis demonstrate how the balance between different sources of magnetic anisotropy in nanostructures is affected by the competition between anisotropy fields. This finding is crucial for the development of magnetic nanocomposites with specifically tailored anisotropy properties and may also help to detect MTB and their magnetic remains in geological environments.
